Xylan and xyloglucan are the two major cell wall hemicelluloses in plants, and their biosynthesis requires a steady supply of the sugar donor, UDP-xylose. UDP-xylose is synthesized through conversion of UDP-glucuronic acid (UDP-GlcA) by the activities of UDP-xylose synthase (UXS). There exist six UXS genes in the Arabidopsis thaliana genome; three of them (UXS1, UXS2 and UXS4) encode Golgi-localized enzymes and the other three (UXS3, UXS5 and UXS6) encode cytosol-localized enzymes. In this report, we investigated the contributions of these UXS genes in supplying UDP-xylose for the biosynthesis of xylan and xyloglucan. Expression analyses revealed that the six UXS genes exhibited distinct and overlapping expression patterns in different cell types of stems, root-hypocotyls and young seedlings, and that the relative enzymatic activity of UXS in the cytosol was 17 times higher than that in the Golgi. Among the six UXS genes, UXS3, UXS5 and UXS6 showed the highest expression in stems and were expressed predominantly in xylem cells and interfascicular fibers. Their predominant expression in secondary wall-forming cells was consistent with the finding that the expression of UXS3, UXS5 and UXS6 was directly activated by the secondary wall NAC master switches. Although simultaneous mutations of UXS1, UXS2 and UXS4 did not cause any apparent effects on plant growth and xylan biosynthesis, simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 led to a drastic reduction in secondary wall thickening, a severe deformation of xylem vessels, a significant decrease in xylan content without an apparent reduction in its chain length and an absence of GlcA side chains in xylan, which are reminiscent of the phenotypes of some known xylan-deficient mutants. Moreover, Immunolocalization with two xyloglucan monoclonal antibodies, LM15 and LM25, revealed a significant reduction in the amount of xylogulcan in the primary walls. These results demonstrate that the cytosol-localized UXS3, UXS5 and UXS6 play a predominant role in the supply of UDP-xylose for the biosynthesis of xylan and xyloglucan.
Introduction
Xylan is the second most abundant polysaccharide after cellulose in plant biomass, and understanding how it is synthesized is an important step toward a rational design of plant biomass for biofuel production. Although xylans from different plant species may vary in their substituents, they are all made of a linear chain of b-1,4-linked xylosyl residues (Ebringerova and Heinze 2000) . Xylans are often substituted with 2-O-linked glucuronic acid (GlcA)/methylated glucuronic acid (MeGlcA) and acetylated at O-2 and/or O-3. Xylans from grasses and gymnosperms are also substituted with 2-and/or 3-O-linked arabinose in addition to 2-O-linked GlcA/MeGlcA. In grass xylans, the arabinose substituents may be further substituted at O-2 with arabinose or xylose, and the GlcA/MeGlcA substituents may be further substituted at O-2 with arabinose (Pena et al. 2016) . Some dicot xylans have also been shown to have disaccharide substituents, i.e. GlcA residues substituted at O-2 with arabinose or galactose (Shatalov et al. 1999 , Zhong et al. 2014 , Pena et al. 2016 ). In addition, xylans from gymnosperms, dicots and some monocots contain a unique tetrasaccharide reducing end sequence, b-Xyl-(1!3)-a-Rha-(1!2)-a-GalA-(1!4)-Xyl (Shimizu et al. 1967 , Johansson and Samuelson 1977 , Andersson et al. 1983 , Pena et al. 2007 , Lee et al. 2009a , Pena et al. 2016 .
Genetic studies in the model plant Arabidopsis thaliana have uncovered a number of genes involved in xylan biosynthesis (Zhong and Ye 2015) . It has been demonstrated that the xylosyl backbone elongation requires the co-operative actions of families glycosyltransferase 43 (GT43) [irregular xylem 9 (IRX9), I9H/IRX9-L, IRX14 and I14H/IRX14-L] and GT47 (IRX10 and IRX10-L) proteins (Brown et al. 2007 , Pena et al. 2007 , Brown et al. 2009 , Wu et al. 2009 , Wu et al. 2010 , Jensen et al. 2014 , Urbanowicz et al. 2014 , the addition of GlcA side chains iscatalyzed by family GT8 enzymes (GUX1, GUX2 and GUX3) (Mortimer et al. 2010 , Lee et al. 2012a , the methylation of GlcA side chains is mediated by DUF579 proteins (GXM1, GXM2 and GXM3/GXMT1) (Lee et al. 2012b , Urbanowicz et al. 2012 , Yuan et al. 2014a , the acetylation of xylosyl residues is carried out by DUF231 proteins (ESK1, TBL3, TBL31, TBL32, TBL33, TBL34 and TBL35) (Yuan et al. 2013 , Urbanowicz et al. 2014 , Yuan et al. 2016a , Yuan et al. 2016b , Yuan et al. 2016c , and the biosynthesis of the tetrasaccharide reducing end sequence entails the functions of families GT47 (FRA8 and F8H) and GT8 (PARVUS and IRX8) enzymes (Zhong et al. 2005 , Brown et al. 2007 , Lee et al. 2007b , Pena et al. 2007 , Lee et al. 2009b ). In grasses, GT61 enzymes (XATs) are involved in the addition of arabinose residues onto the xylan backbone (Anders et al. 2012 ).
Xylan biosynthesis not only requires enzymes catalyzing the backbone elongation and side chain additions but also necessitates a sufficient supply of nucleotide-activated sugars (UDPxylose, UDP-GlcA and UDP-arabinose) and donors for the methyl and acetyl groups to meet the demand of xylan biosynthesis. Because secondary wall-forming cells undergo massive deposition of xylan, it is conceivable that genes responsible for supplying nucleotide sugars and methyl and acetyl donors for xylan biosynthesis are highly up-regulated during secondary wall biosynthesis. UDP-xylose is synthesized by UDP-xylose synthases (UXSs) through conversion of UDP-GlcA, which is converted from UDP-glucose by UDP-glucose dehydrogenases. UDP-GlcA is synthesized in the cytosol, whereas UDP-xylose is synthesized in both the cytosol and the Golgi. Since xylan is synthesized in the Golgi, Golgi-localized UDP-xylose can be directly utilized, whereas cytosol-localized UDP-xylose needs to be transported into the Golgi before it can be used for xylan biosynthesis. Another hemicellulose that requires UDP-xylose supply for its synthesis is xyloglucan, a major hemicellulose in dicot primary walls. Xyloglucan is made of a linear chain of glucosyl residues that are decorated with xylose, xylose-galactose disaccharide, and xylose-galactose-fucose trisaccharide in a regular pattern. The addition of xylosyl residues onto the xyloglucan backbone in Arabidopsis has been shown to be catalyzed by two xylosyltransferases, XXT1 and XXT2 (Cavalier et al. 2008) . It is currently unknown which source of UDP-xylose is the main supply for xyloglucan biosynthesis.
The Arabidopsis genome harbors six UXS genes, three of which (UXS3, UXS5 and UXS6) encode cytosol-localized enzymes and the remaining three (UXS1, UXS2 and UXS4) encode Golgilocalized enzymes Bar-Peled 2002, Pattathil et al. 2005 ). An early study using soybean Golgi-enriched membranes revealed a role for Golgi-localized UXS enzymes in the supply of UDP-xylose for xyloglucan biosynthesis (Hayashi et al. 1988) . Recently, it has been reported that the cytosol UXS plays a more important role than the Golgi-localized UXS in xylan biosynthesis in Arabidopsis (Kuang et al. 2016) . However, it is unclear in what cell types different Arabidopsis UXS genes are expressed, which UXS genes are predominantly associated with secondary wall-forming cells and how their expression is activated by transcriptional regulators, which UXS activities, cytosolor Golgi-localized, are predominant in stems that are rich in secondary wall-containing cells and what specific effects UXS mutations have on the biosynthesis of xylan and xyloglucan. In this report, we investigated the contributions of both Golgi-and cytosol-localized UXSs in the biosynthesis of xylan and xyloglucan in Arabidopsis. Expression analysis revealed that the expression of UXS3, UXS5 and UXS6 but not that of UXS1, UXS2 and UXS4 was predominantly associated with secondary wall-forming cells and directly regulated by secondary wall NAC master switches. Genetic studies demonstrated that simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 but not those of UXS1, UXS2 and UXS4 resulted in a reduction in secondary wall thickening, deformation of xylem vessels, a reduction in the xylan content and an absence of GlcA side chains in xylan, which are phenotypes common to many xylan-deficient mutants. Similarly, simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 caused a significant reduction in xyloglucan in primary walls. Our results indicate that the cytosol-localized UXSs play a predominant role in the supply of UDP-xylose for the biosynthesis of xylan and xyloglucan.
Results
Regulation of the expression of UXS genes by secondary wall NAC master switches
To investigate the contributions of each of UXS genes in the supply of UDP-xylose for xylan biosynthesis, we first examined their expression levels in different organs. Real-time quantitative PCR analysis showed that although the expression of all six UXS genes was detected in all of the organs exmained, UXS3 exhibted the highest expression level in the stems (Fig. 1A) . UXS5 and UXS6 also had a relatively high level of expression in the middle part of stems in which xylem cells and interfascicular fibers underwent intensive secondary wall thickening. These results indicate that the expression of UXS3, UXS5 and UXS6 in the stems is correlated with the timing of secondary wall biosynthesis in xylem cells and interfascicular fibers. This correlation was further corroborated with the findings that the expression of UXS3, UXS5 and UXS6 but not that of UXS1, UXS2 and UXS4 was induced by SND1 (Fig. 1B) , a transcriptional master switch activating the biosynthesis of secondary walls , and down-regulated by simultaneous mutations of SND1 and its paralog NST1 (Fig. 1C) that caused a loss of secondary walls in fibers ).
The expression of UXS3, UXS5 and UXS6 was further shown in the estrogen-inducible system to be directly activated by several secondary wall NAC (SWN) master switches, including SND1, VND6, VND7, NST1 and NST2 ( Fig. 2A) , indicating that UXS3, UXS5 and UXS6 are direct targets of SWNs. SWNs were previously shown to mediate the direct activation of their target genes by binding to an imperfect palindromic 19 bp consensus sequence designated as secondary wall NAC-binding element (SNBE) ). Examination of the 1 kb promoter sequences of the UXS3, UXS5 and UXS6 genes revealed the presence of multiple SNBE sequences (Fig. 2B ). These analyses demonstrate that UXS3, UXS5 and UXS6, which encode cytosol-localized enzymes, exhibit a high level of expression in inflorescence stems and their expression is directly regulated by SWNs.
Expression patterns of UXS genes in different organs
We next investigated the developmental expression patterns of UXS genes in stems, root-hypocotyls, cotyledons and roots using the GUS (b-glucuronidase) reporter gene. To ensure that the GUS reporter gene expression reflects the endogenous gene expression patterns, the entire gene sequence of each UXS gene, including the 3 kb 5 0 -upstream sequence, the exon and intron region, and the 2 kb 3 0 -downstream sequence, was used for the construction of the GUS reporter gene. For each UXS-GUS reporter gene, at least 20 independent transgenic plants were examined, and representative images of GUS staining in different organs are shown in Figs. 3 and 4. GUS staining in the inflorescence stems was examined in both elongating internodes and non-elongating internodes, which exhibited no or evident secondary wall thickening in interfascicular fibers, respectively. It was found that UXS3, UXS5 and UXS6 shared similar expression patterns in the stems, i.e. intensive GUS staining in xylem cells and interfascicular fibers and a low level of GUS staining in all other cell types, including epidermis, cortex, phloem and pith cells in both elongating and non-elongating internodes (Fig 3E, F, I -L). While the GUS Fig. 1 Expression analysis of the UXS genes in Arabidopsis. Total RNA isolated from various organs was subjected to real-time quantitative PCR analysis of UXS expression. The data were the averages of three biological replicates. (A) Quantitative analysis of the expression levels of UXS genes in different Arabidopsis organs. (B) Induction of expression of UXS3, UXS5 and UXS6 in the leaves of SND1 overexpressors (SND1-OE) compared with the wild-type leaves (control). (C) Reduction of expression of UXS3, UXS5 and UXS6 in the inflorescence stems of the snd1 nst1 double mutant compared with the wild-type stems (control). Putative SNBE sequences identified from the 1.0 kb promoters of UXS3, UXS5 and UXS6 genes. The number on the left of each sequence is the position of the first nucleotide relative to the transcription start site, and the plus or minus symbol on the right indicates the forward or reverse strand of DNA, respectively. The SNBE consensus sequence is shown at the bottom, and the consensus nucleotides are shaded.
staining for UXS1 was evident in the phloem and xylem cells in both elongating and non-elongating internodes (Fig. 3A, B) , that for UXS2 was only observed in the epidermal cells in elongating internodes (Fig. 3C, D) . For UXS4, the GUS staining was present in the epidermis, cortex, phloem and xylem in both elongating and non-elongating internodes (Fig. 3G, H) . It was interesting to note that the GUS staining for UXS4 was observed in developing interfascicular fibers in elongating internodes but was absent in interfascicular fibers with secondary wall thickening in non-elongating internodes (Fig. 3G, H) .
In root-hycopotyls in which both secondary xylem and secondary phloem were developed, intensive GUS staining was seen in the secondary xylem for UXS3 (Fig. 4G) , UXS5 (Fig.  4M) and UXS6 (Fig. 4P) . GUS staining was also evident in the secondary phloem for UXS5 (Fig. 4M) and UXS6 (Fig. 4P) . The GUS staining for UXS1 (Fig. 4A) and UXS4 (Fig. 4J) was observed in the secondary phloem, whereas no GUS staining was seen in either the secondary xylem or secondary phloem for UXS2 (Fig. 4D) . In cotyledons, while the GUS staining for UXS2 (Fig. 4E) , UXS3 (Fig. 4H) , UXS5 (Fig. 4N) and UXS6 (Fig. 4Q) was observed in most of the cells, that for UXS1 was only seen in veins (Fig. 4B) , and no GUS staining for UXS4 was detected (Fig.  4K) . In young roots, intensive GUS staining was observed in all of the cells for UXS2 (Fig. 4F) , UXS3 (Fig. 4I) , UXS5 ( Fig. 4O) and UXS6 ( Fig. 4R) , whereas GUS staining for UXS1 (Fig. 4C) and UXS4 ( Fig. 4L ) was only evident in the vascular strands. Together, the GUS reporter gene analysis has revealed broad expression patterns of the UXS genes in different organs with UXS3, UXS5 and UXS6 exhibiting predominant expression in secondary wall-forming cells.
Effects of simultaneous down-regulation/ mutations of UXS genes on plant growth and secondary wall thickening
The six Arabidopsis UXS genes were phylogenetically placed into two groups; UXS1, UXS2 and UXS4 being in one group and UXS3, UXS5 and UXS6 in another (Fig. 5A) . UXS1, UXS2 and UXS4 encode proteins targeted to the Golgi, whereas UXS3, UXS5 and UXS6 encode proteins localized in the cytosol (Pattathil et al. 2005) . The finding that UXS3, UXS5 and UXS6 were predominantly expressed in secondary wall-forming cells led us to hypothesize that they may function redudantly in providing the supply of UDP-xylose for xylan biosynthesis during secondary wall formation. To investigate the contributions of each of the UXS genes in xylan biosynthesis, we obtained T-DNA insertion lines for all six UXS genes ( Fig. 5B) . By crossing these T-DNA mutant lines, we generated the triple mutant of uxs3 uxs5 uxs6 (uxs3/5/6) as well as the triple mutant of uxs1 uxs2 uxs4 (uxs1/2/4). The expression level of each gene in the mutants was analyzed using reverse transcription-PCR (RT-PCR) analysis with primers spanning the coding region of each gene (Fig. 5C ). While no transcripts were detected for UXS1, UXS2 and UXS4 in uxs1/2/4 and no transcripts for UXS5 and UXS6 were detected in uxs3/5/6, the UXS3 transcripts in uxs3/5/6 exhibited a level similar to that in the wild type. According to the T-DNA insertion flanking sequence annotation in 'The Arabidopsis Information Resource' (http:// www.arabidopsis.org/servlets/TairObject?type=stock&id=2501 582085), the uxs3 mutant line CS384594 has two T-DNA insertions; one at a site that is 71 bp upstream of the stop codon and the other 6 bp before the stop codon. However, the fact that the mutation did not affect the level of the UXS3 transcripts indicates no insertions at those sites. We therefore sequenced the DNA flanking the T-DNA insertion site and found that the T-DNA insertion actually occurred at a site that is 184 bp downstream of the stop codon (Fig. 5B) . The insertion apparently did not affect the amount of the UXS3 transcripts, and the uxs3/ 5/6 triple mutant created herein did not have a reduction in the expression of UXS3.
We therefore resorted to the RNA interference (RNAi) approach to down-regulate the expression of UXS3. We transformed the UXS3-RNAi construct into both the uxs5/6 double mutant and the wild type, and the first generation of transgenic plants were analyzed. RNAi inhibition of UXS3 in uxs5/6 reduced the level of UXS3 expression down to 7% of that of the wild type ( Fig. 5D) , and, as expected, no expression of UXS5 and UXS6 was detected. RNAi inhibition of UXS3 in the wild type affected the expression of UXS3, UXS5 and UXS6, which were reduced down to 7, 14 and 32%, respectively, of that of the wild type (Fig. 5D ). In contrast, no reduction in the expression of UXS1, UXS2 and UXS4 was observed (Fig. 5D ), indicating that UXS3-RNAi specifically down-regulated the expression of UXS3, UXS5 and UXS6 but not that of UXS1, UXS2 and UXS4. This observation is consistent with the fact that the UXS3 cDNA sequence shares multiple stretches of 23 or longer uninterrupted identical nucleotides with the UXS5 cDNA and one stretch of 23 nucleotides with UXS6, whereas the longest length of uninterrupted identical nucleotides between the UXS3 cDNA sequence and those of UXS1, UXS2 and UXS4 is only 17. It has been shown that a length of at least 21 nucleotide identity is necessary to achieve RNA silencing (Sen and Blau 2006) .
We further investigated the effects of UXS mutations/downregulation on UXS activities in both the cytosol and the Golgi (Fig. 6) . We first measured relative UXS activities in the microsomes and cytosol extracts from wild-type stems. Both the microsomes and cytosol extracts from wild-type stems contained UXS activities that readily converted UDP-GlcA into UDP-Xyl (Fig. 6A) . Quantitative measurement showed that in wild-type stem extracts, UXS activity in the cytosol fraction was about 17 times more than that in the microsome fraction (Fig.  6) , which was consistent with the gene expression analysis showing predominant expression of UXS3/5/6 that encode cytosollocalized UXS enzymes (Fig. 3) . Examination of UXS activity in various uxs mutants revealed that RNAi inhibition of UXS3 in both the wild type and uxs5/6 caused an undetectable UXS activity in the cytosol fraction but not in the microsome fraction, whereas simultaneous mutations of UXS1/2/4 resulted in an undetectable UXS activity in the microsome fraction but not in the cytosol fraction. UXS activity in uxs5/6 and irx9 was not affected compared with that in the wild type, except that UXS activity in the uxs5/6 cytosol fraction was slightly reduced (Fig. 6B) . In contrast, xylan xylosyltransferase activity that utilized UDP-Xyl as the xylosyl donor for xylan biosynthesis was not altered in various uxs mutants, but this activity was drastically reduced in irx9, a known xylan backbone elongation-deficient mutant (Fig. 6C) . Together, both gene expression and activity assay analyses demonstrated that RNAi inhibition of UXS3 in both the wild type and uxs5/6 led to a loss of cytosol-localized UXS activities but not Golgi-localized activities.
We next examined the morphology of the 4-and 8-week-old UXS-RNAi transgenic plants along with the uxs1/2/4 triple mutant, the uxs5/6 double mutant and the wild type. While the uxs1/2/4 and uxs5/6 mutants did not exhibit any defects in plant growth compared with the wild type, simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 had a significant impact on plant growth (Fig. 5E) . The plants of both UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 had darkgreen rosette leaves that were smaller than those of the wild type (Fig. 5E, top panel) and their inflorescence stems were much shorter (Fig. 5E, bottom panel) . In particular, the UXS3-RNAi-in-uxs5/6 plants had wilty leaves (Fig. 5E, top panel) and remained dark-green even at the bolting stage (Fig. 5E , bottom panel), which were similar to the phenotypes exhibited by the irx9 mutant (Fig. 5E) . Measurement of the stem strength revealed that similarly to irx9, the stems of UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 had a drastic reduction in their mechanical strength compared with the wild type. In contrast, the mechanical strength of the stems of uxs1/2/4 and uxs5/6 remained similar to that of the wild type (Fig. 5F) .
To investigate whether down-regulation of UXS3, UXS5 and UXS6 had any effects on secondary wall thickening and vessel morphology, we examined the stem anatomy of the mutant plants (Figs. 7, 8 ). Cross-sections of the bottom internodes of mature stems showed that the walls of interfascicular fibers in UXS3-RNAi-in-WT (Fig. 7D) and UXS3-RNAi-in-uxs5/6 (Fig .  7E) were much thinner than those of the wild type (Fig. 7A) , whereas those in uxs1/2/4 (Fig. 7B ) and uxs5/6 (Fig. 7C) had no apparent alterations. Transmission electron microscopy further confirmed that the secondary wall thickness in the interfascicular fibers of UXS3-RNAi-in-WT (Fig. 8D) and UXS3-RNAi-inuxs5/6 (Fig. 8E) was reduced down to 35-50% of that of the wild type (Fig. 8A) . The secondary wall thickness in interfascicular fibers of uxs1/2/4 (Fig. 8B ) and uxs5/6 (Fig. 8C) was comparable with that of the wild type (Fig. 8A) . Examination of xylem cells in mature stems revealed that although the vessels in UXS3-RNAi-in-WT only had a mild deformation (Fig. 7J) , those in UXS3-RNAi-in-uxs5/6 (Fig. 7K) were severely collapsed. The vessel morphology in uxs1/2/4 ( Fig. 7H ) and uxs5/6 (Fig.  7I) remained the same as that in the wild type (Fig. 7G) . Transmission electron microscopy revealed a reduction in the secondary wall thickness of vessels in UXS3-RNAi-in-WT ( Fig.  8J ) and UXS3-RNAi-in-uxs5/6 (Fig. 8K) but not in uxs1/2/4 (Fig .  8H ) and uxs5/6 (Fig. 8I ) compared with that in the wild type (Fig. 8G ). These results demonstrate that simultaneous downregulation/mutations of UXS3, UXS5 and UXS6 lead to reduced secondary wall thicknening, deformation of xylem vessels, wilty leaves and weakened stem strength. All of these phenotypes are reminiscent of those exhibited by the irx9 mutant (Figs. 5E, 7F, L, 8F, L) (Brown et al. 2007 , Pena et al. 2007 ).
Simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 result in a reduction in xylan content without an alteration in xylan chain length
We next investigated the impact of down-regulation of UXS3, UXS5 and UXS6 on xylan biosynthesis. Sugar composition analysis of cell walls isolated from inflorescence stems + , and the reactions products were separated by HPLC using an SAXHypersil ion-exchange column and detected with a UV detector using absorbance at 254 nm. Note the presence of a new peak corresponding to the standard UDP-Xyl in the reactions containing the cytosol extracts and microsomes compared with the reaction without enzymes (control).
(B) Quantitative measurement of UXS activities in the cytosol extracts and microsomes of the wild type and various mutants. Total stem extracts were first measured for the protein content and then fractionated into the cytosol and microsomes, which were subsequently assayed for UXS activities. UXS activities in the cytosol and microsomes were expressed relative to the total protein content from given stem extracts. Note a loss of UXS activities in the cytosol extracts of UXS3-RNAi-in-WT and UXS3-RNAi-inuxs5/6. (C) Quantitative measurement of xylan xylosyltransferase activity in microsomes of the wild type and various mutants. Xylan xylosyltransferase activity was detected using UDP-[ 14 C]xylose as the xylosyl donor and Xyl 6 as the acceptor. Note that xylan xylosyltransferase activity was not altered in the uxs mutants but drastically reduced in the irx9 mutant. The data are the averages of three biological replicates.
demonstrated that the xylose content in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 was reduced by 34% and 63%, respectively, compared with the wild type, whereas the xylose content in uxs1/2/4 and uxs5/6 was not changed (Fig. 9) . The level of reduction in xylose in UXS3-RNAi-in-uxs5/6 was comparable with that in irx 9. Similar to irx9, a mild reduction in the glucose content but a slight increase in the amount of mannose, galactose and arabinose were observed in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 (Fig. 9) . These results indicate that down-regulation/mutations of UXS3, UXS5 and UXS6 cause a drastic reduction in xylan content, which is probably attributed to a decrease in the supply of UDP-xylose utilized for xylan biosynthesis.
To analyze whether down-regulation of UXS3, UXS5 and UXS6 led to any changes in xylan structure, xylans were isolated and treated with xylanase to release xylooligomers for subsequent matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF-MS) (Fig. 10) . Xylooligomers from the wild-type xylan exhibited two predominant ion peaks that are attributed to the GlcA-substituted Xyl 4 (m/z 745) and the MeGlcA-substituted Xyl 4 (m/z 759). Similar ion peaks were observed in the xylooligomers from xylans of uxs1/2/4 and uxs5/ 6. In contrast, xylooligomers from the xylans of UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 had only one predominant ion peak corresponding to MeGlcA-substituted Xyl 4 and were completely devoid of the ion peak corresponding to GlcA-substituted Xyl 4 , a Fig. 7 Effects of down-regulation/mutations of UXS genes on the secondary wall thickening of interfascicular fibers and xylem vessels in inflorescence stems. The bottom internodes of inflorescence stems were sectioned and stained with toluidine blue for anatomy. (A-F) Cross-sections of the interfascicular regions of stems showing thin walls in interfascicular fibers in UXS3-RNAi-in-WT (D) and UXS3-RNAi-inuxs5/6 (E) compared with the wild type (A), uxs1/2/4 (B) and uxs5/6 (C). The interfascicular fiber region of irx9 stems was included for comparison (F). (G-L) Cross-sections of xylem bundles of stems showing collapsed vessels in UXS3-RNAi-in-WT (J) and UXS3-RNAi-in-uxs5/ 6 (K) compared with the wild type (G), uxs1/2/4 (H) and uxs5/6 (I). A xylem bundle from irx9 stems was included for comparison (L). co, cortex; if, interfascicular fiber; ph, phloem; pi, pith; xy, xylem. Scale bar in (A) = 88 mm for (A-L).
chemotype identical to that seen in irx9 (Fig. 10) . However, a striking difference of the relative intensity of the ion peak at m/z 761 was observed between UXS3-RNAi lines and irx9. The ion peak at m/z 761 corresponding to the xylan reducing end sequence was highly elevated in irx9 xylooligomers (Fig. 10) , which was attributed to the relative increase in the number of xylan reducing end sequences due to the reduced xylan backbone chain length (Pena et al. 2007 ). This elevation was not observed in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 (Fig. 10) , indicating that the xylan backbone chain length was not reduced in the UXS-RNAi lines, a chemotype different from that of irx9.
The loss of GlcA side chains and the unaltered backbone chain length in the xylans of UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 were verified by nuclear magnetic resonance (NMR) spectroscopy (Fig. 11) . (Fig. 11) . In contrast, the xylans from uxs1/2/4 and uxs5/6 had nearly identical resonances to those in the wild type (Fig. 11) . Some minor resonances at 5.23, 5.08, 4.68, 4.31 and 4.24 p.p.m. were attributed to H1 of a-GalA, H1 of a-Rha, H1 of 3-linked b-Xyl, H4 of a-GalA and H1 of a-Rha, respectively, from the reducing end tetrasaccharide sequence (Pena et al. 2007 ). These resonances were highly elevated in irx9 xylan (Fig. 11) , which was previously shown to be caused by its shortened backbone chain length leading to a relative increase in the abundance of its reducing end sequence ( Table 1; Pena et al. 2007) . Consistent with the MALDI-TOF-MS data (Fig. 10) , the resonances for the reducing end sequence were not elevated and the backbone chain length was not reduced in the xylans of UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 ( Fig. 11; Table 1 ).
We further examined the deposition of xylan in secondary walls of xylem and fiber cells in stems by immunolocalization using the xylan monoclonal antibody LM11. The LM11 antibody recognizes unsubstituted and low-substituted xylans (McCartney et al. 2005) . In wild-type stems, the LM11-labeled xylan signals were seen in secondary walls of vessels, xylary fibers and interfascicular fibers (Fig. 12A) . A similar intensity of xylan signals was also detected in the secondary walls in uxs1/ 2/4 (Fig. 12B ) and uxs5/6 (Fig. 12C) . In contrast, a significant reduction in xylan signals in UXS3-RNAi-in-WT (Fig. 12D) and a drastic reduction in xylan signals in UXS3-RNAi-in-uxs5/6 were observed (Fig. 12E) . Relatively intense xylan signals were still detected in the secondary walls in irx9, which was due to the fact that irx9 mutation shortened the xylan chain length but not the number of xylan chains so that many xylan epitopes were still available for LM11 binding (Pena et al. 2007 ). The observed difference of LM11-labeled xylan signals in secondary Fig. 9 Cell wall sugar composition analysis of the stems of UXS mutants and RNAi lines. Note the significant reduction in the xylose content in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 compared with the wild type, uxs1/2/4 and uxs5/6. The data are the averages of three biological replicates. (Zhong et al. 2014 ) and doubly sodiated species of (MeGlcA)Xyl 4 , respectively. Note the absence of ion peaks for (GlcA)Xyl 4 in the xylans of UXS3-RNAi-in-WT, UXS3-RNAi-in-uxs5/6 and irx9 compared with the wild type, uxs1/2/4 and uxs5/6. Also note the relative elevation of the ion peak at m/z 761 in irx9, which corresponds to the xylan reducing end pentasaccharide,
walls between UXS3-RNAi lines and irx9 was consistent with the MALDI-TOF-MS and NMR data showing that the xylan chain length was not reduced in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 (Figs. 10, 11) . Together, both chemical analysis and immunolocalization demonstrate that down-regulation/mutations of UXS3, UXS5 and UXS6 result in an absence of GlcA side chains in xylan as observed in irx9, but they cause no alteration in xylan backbone chain length, a chemotype different from that of irx9 xylan.
Simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 result in a reduction in xyloglucan in primary walls Because UDP-xylose is a xylose donor not only for xylan but also for xyloglucan, we decided to investigate which Golgi-localized UXS activities were the primary contributor of UDP-xylose for xyloglucan biosynthesis in primary walls. To do so, we examined the deposition of xyloglucan in primary walls of various cell types in the wild-type and uxs mutant stems by immunolocalization using two xyloglucan monoclonal antibodies LM15 and LM25. The LM15 antibody recognizes the XXXG motif of xyloglucan and to some extent the XXLG motif (Marcus et al. 2008) , and the LM25 antibody was generated against XXLG and XLLG and it recognizes a range of xyloglucan-specific oligosaccharide motifs (Pedersen et al. 2012) . In wild-type stems, both LM15-and LM25-labeled xyloglucan siganals were abundant in the primary walls of epidermis, phloem, xylem and interfascicular fiber cells (Fig. 13A, G) . Similar intensities of LM15-and LM25-labeled xyloglucan signals were seen in the primary walls of various cells in the stems of uxs1/2/4 (Fig. 13B, H ), uxs5/6 (Fig. 13C, I ) and irx9 (Fig. 13F, L) . However, intensities of LM15-and LM25-labeled xyloglucan signals were significantly H-NMR spectroscopy. Resonance peaks in the wild-type xylan are labeled with the position of the assigned proton and the identity of the residue containing that proton. Resonances of branched and unbranched b-Xyl are from the xylosyl backbone, those of a-GlcA and Me-a-GlcA are from the side chains of xylan, and those of a-GalA, a-Rha and 3-linked b-Xyl are from the reducing end sequence of xylan. G denotes xylosyl residues branched with a-GlcA, and M denotes xylosyl residues branched with Me-a-GlcA. Note a loss of resonances of a-GlcA and xylosyl residues branched with a-GlcA in xylans from UXS-RNAi-in-WT, UXS-RNAi-inuxs5/6 and irx9 compared with the wild type, uxs1/2/4 and uxs5/6. Also note the relative elevation of resonances of a-GalA, a-Rha and 3-linked bXyl from the reducing end sequence of xylan in irx9.
diminished in the primary walls of various cell types except the epidermis in the stems of UXS3-RNAi-in-WT (Fig. 13D, J) and UXS3-RNAi-in-uxs5/6 (Fig. 13E, K) .
To find out whether the observed reduction in LM15-and LM25-labeled xyloglucan signals in UXS3-RNAi-in-uxs5/6 was due to a reduction in xylosyl substitution on the xyloglucan backbone or an overall reduction in xyloglucan content, we digested xyloglucan with endo-b-1,4-glucanase and then analyzed the glucanase-released xyloglucan oligosaccharides using MALDI-TOF-MS. It was predicted that if xylosyl substitution on the xyloglucan backbone was reduced, the relative abundance of the oligosaccharides XXG and GXXG would be elevated. MALDI-TOF-MS analysis revealed that both the wild type and UXS3-RNAi-in-uxs5/6 had major ion peaks at m/z 1,085. 1,247, 1,393 and 1,555, which corresponded to xyloglucan oligosaccharides XXXG, XXLG/XLXG, XXFG and XLFG, respectively (Fig.  14) . No ion peaks attributed to xyloglucan oligosaccharides XXG (m/z 791) and GXXG (m/z 953) were detected in either the wild type or UXS3-RNAi-in-uxs5/6. The results from immunolocalization and glucanase digestion of xyloglucan indicate that simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 result in an overall reduction in xyloglucan content in the primary walls of stem cells.
Discussion
We have demonstrated in this study that among the six Arabidopsis UXS genes, three of them, UXS3, UXS5 and UXS6, play a dominant role in xylan biosynthesis based on the following lines of evidence. First, UXS3, UXS5 and UXS6 are highly expressed in secondary wall-forming cells, including xylem cells and interfascicular fibers in stems and secondary xylem cells in root-hypocotyls (Figs. 3, 4) . Secondly, the expression of UXS3, UXS5 and UXS6 but not that of UXS1, UXS2 and UXS4 is regulated by secondary wall NAC transcriptional switches (Fig.  2) . Thirdly, simultaneous down-regulation/mutations of UXS3/ 5/6 result in a defect in plant growth and xylem vessel morphology, a drastic reduction in secondary wall thickness and xylan content, and an alteration in xylan structure (Figs. 5-12) , which are reminiscent of the phenotypes exhibited by the Fig. 12 Immunolocalization of xylan in the stems of the wild type and various uxs mutants. Cross-sections of the stems were incubated first with the xylan monoclonal antibody LM11 and then with fluorescein isothiocyanate-conjugated secondary antibodies. Fluorescent signals of the labeled xylan (shown as green) were observed under a confocal microscope. Note a mild reduction of xylan signals in UXS3-RNAi-in-WT (D) and a drastic reduction of xylan signals in UXS3-RNAi-in-uxs5/6 (E) compared with the xylan signals in the wild type (A), uxs1/2/4 (B), uxs5/6 (C) and irx9 (F). co, cortex; if, interfascicular fiber, ph, phloem; xy, xylem. Scale bar in (A) = 113 mm for (A-F). a The ratio of the abundance of the reducing end sequence to the backbone xylosyl residues was determined by the ratio of the NMR resonance of the reducing end sequence to that of the branched and unbranched b-Xyl, and the abundance of the reducing end tetrasaccharide sequence in the wild type was taken as 100%. b Degree of polymerization (DP) of xylan was calculated according to Pena et al. (2007) .
xylan-defective mutant irx9 (Pena et al. 2007) . Like irx9, the defective plant growth and wilty leaves in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 are probably attributed to the collapse of xylem vessels, which obstruct the transport of water. In addition, the defective xylan synthesis in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 probably impedes the overall secondary wall biosynthesis and assembly, leading to reduced secondary wall thickening as seen in many xylan-defective mutants (Zhong and Ye 2015) . The observed alteration in xylan structure in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6, i.e. all of the GlcA side chains are methylated, is a hallmark seen in a number of xylan-deficient mutants, including irx8, irx9, irx14, irx10, fra8 and parvus (Zhong et al. 2005 , Brown et al. 2007 , Lee et al. 2007b , Brown et al. 2009 , Wu et al. 2009 ). The complete methylation of GlcA side chains in these mutants is proposed to be due to a reduction of xylan synthesis to such a level that the available glucuronoxylan methyltransferase activities are suficient to methylate all the GlcA side chains, wherease in the wild type the available methyltransferase activities are insufficient to methylate all the GlcA side chains in xylan (Zhong and Ye 2015) . This possiblity was substantiated by an overexpression study showing that an increase in the glucuronoxylan methyltransferase activities in the wild type is sufficient to methylate all the GlcA side chains Fig. 13 Immunolocalization of xyloglucan in the stems of the wild type and various uxs mutants. Cross-sections of the stems were incubated first with the xyloglucan monoclonal antibody LM15 (A-F) or LM25 (G-L) and then with fluorescein isothiocyanate-conjugated secondary antibodies. Fluorescent signals of the labeled xyloglucan (shown as green) were observed under a confocal microscope. Note a significant reduction in both LM15-labeled (D, E) and LM25-labeled (J, K) xyloglucan signals in UXS3-RNAi-in-WT (D, J) and UXS3-RNAi-in-uxs5/6 (E, K) compared with the xyloglucan signals in the wild type (A, G), uxs1/2/4 (B, H), uxs5/6 (C, I) and irx9 (F, L). co, cortex; ep, epidermis; if, interfascicular fiber, ph, phloem; xy, xylem. Scale bar in (A) = 111 mm for (A-L).
in xylan, supporting the hypothesis that glucuronoxylan methyltransferases are a limiting factor for GlcA methylation during xylan biosynthesis (Yuan et al. 2014a ). Together, the phenotypes caused by simultaneous down-regulation/ mutations of UXS3/5/6 clearly reflect a defect in xylan biosynthesis. The results from both expression and genetic analyses indicate that the cytosol-localized UDP-xylose synthases, UXS3, UXS5 and UXS6, function redudantly in the supply of UDPxylose for xylan biosynthesis during secondary wall biosynthesis.
It is interesting to note that while simultaneous down-regulation/mutations of UXS3/5/6 share many common xylan-defective phenotypes with irx9, there is one stark difference, i.e. the xylan backbone chain length is drastically reduced in irx9 but remains unaltered in UXS3-RNAi-in-WT and UXS3-RNAiin-uxs5/6. This finding is supported by several lines of evidence. First, both MALDI-TOF-MS and NMR analyses of xylan structure revealed an elevation of signal peaks corresponding to the reducing end sequence in irx9 but not in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 (Figs. 10, 11) , indicating that the ratio of the abundance of the reducing end sequence relative to the xylan backbone chain length is altered in irx9 but not in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6. Secondly, the degree of polymerization of xylan in irx9 is reduced to 26% of that of the wild type, but the degree of polymerization of xylan in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6 is not altered ( Table 1) . Thirdly, although intense LM11-labeled xylan signals are still present in the secondary walls in irx9 compared with the wild type, low signals of LM11-labeled xylan were detected in the secondary walls in UXS3-RNAi-in-WT and UXS3-RNAiin-uxs5/6 (Fig. 12) . The former is attributed to the reduction in the backbone chain length but not the number of xylan molecules by irx9 mutation, thus leaving sufficient xylan epitopes for LM11 binding (Pena et al. 2007) . Because the xylan chain length is not reduced in UXS3-RNAi-in-WT and UXS3-RNAi-inuxs5/6, the observed reduction in LM11 labeling in the secondary walls is most probably due to a reduction of overall xylan molecules. This finding indicates that a reduction of UDPxylose supply seen in UXS3-RNAi-in-WT and UXS3-RNAi-inuxs5/6 largly impacts the overall xylan biosynthesis, thus resulting in a reduction in the number of xylan molecules in given secondary walls. However, it has little effect on the backbone chain elongation of each xylan molecule so that xylan chain length remains unaltered, which is in sharp contrast to irx9 in which its mutation causes a defective elongation of xylan chain length, thus leaving a reduction in xylan chain length but not the number of overall xylan molecules.
Our finding that cytosol-localized UDP-xylose synthases play a dominant role in xylan biosynthesis indicates that the major supply of UDP-xylose used for xylan biosynthesis is synthesized in the cytosol and then transported into the Golgi lumen where xylan synthesis occurs (Fig. 15) . This finding is also consistent with the activity assay showing that the bulk of UXS activities in wild-type stem extracts is present in the cytosol rather than in the Golgi (Fig. 6) . Transport of UDP-xylose from the cytosol to the Golgi lumen requires Golgi-localized UDP-xylose transporters, and such transporters have been reported in Arabidopsis (Ebert et al. 2015) . It was suggested that the UDP-XYLOSE TRANSPORTER 1 (UXT1) is involved in the delivery of UDP-xylose from the cytosol to the Golgi for xylan biosynthesis based on the report that mutation of the UXT1 gene resulted in a mild reduction in xylose content in Fig. 14 MALDI-TOF spectra of xyloglucan oligosaccharides released from endo-1,4-b-glucanase digestion of cell wall extracts from the stems of the wild type and the UXS3-RNAi-in-uxs5/6 lines. Note the presence of four major ion peaks at m/z 1,085, 1,247, 1,393 and 1,555, which correspond to XXXG, XXLG/XLXG, XXFG and XLFG, respectively. G denotes an unsubstituted b-glucan backbone Glc, X denotes a b-1,6-Xyl-substituted Glc, L denotes a b-1,2-Gal-b-1,6-Xyl disaccharide-substituted Glc, and F denotes a a-1,2-Fuc-b-1,2-Gal-b-1,6-Xyl trisaccharide-substituted Glc. Fig. 15 Diagram of the supply of UDP-xylose for the biosynthesis of xylan and xyloglucan and the transport of vesicles carrying xylan and xyloglucan from the Golgi to the plasma membrane. UXS1, UXS2 and UXS4 (UXS1/2/4) are Golgi localized, and UXS3, UXS5 and UXS6 (UXS3/5/6) are cytosol localized. The cytosol-localized UXS activities (UXS3/5/6) provide a predominant supply of UDP-xylose for the biosynthesis of xylan and xyloglucan. UGD, UDP-glucose dehydrogenase; UXS, UDP-xylose synthase; TGN, trans-Golgi network.
developing stems (Ebert et al. 2015) . However, mutation of the UXT1 gene did not cause an apparent reduction in xylose content in mature stems (Ebert et al. 2015) , whereas simultaneous down-regulation/mutations of UXS3/5/6 led to a drastic reduction in xylose content in mature stems (Fig. 8) . This discrepancy could be attributed to the contribution of other putative UXTs in the delivery of UDP-xylose from the cytosol to the Golgi. Since simultaneous mutations of UXT2 and UXT3 genes have been shown to cause no effect on xylose content in stems (Ebert et al. 2015) , other uncharacterized UXTs may be involved in the transport of UDP-xylose from the cytosol to the Golgi for xylan biosynthesis.
It should be noted that although simultaneous down-regulation/mutations of UXS3/5/6 caused severe defects in xylan biosynthesis, secondary wall thickening and plant growth, they did not lead to a complete loss of xylan biosynthesis, indicating that there is still a low level of UDP-xylose supply to sustain xylan biosynthesis. Since no transcripts of UXS5 and UXS6 are detected in the mutant, it is possible that the residual level of residue expression of UXS3 may provide a low level of UDP-xylose supply used for xylan biosynthesis. However, it is more likely that the activities of Golgi-localized UXS1, UXS2 and UXS4 contribute to a certain degree to the supply of UDPxylose for xylan biosynthesis, which may account for the remaining xylan deposition in UXS3-RNAi-in-WT and UXS3-RNAi-in-uxs5/6. In agreement with this possibility, both UXS1 and UXS4 are expressed in the xylem cells of stems (Fig. 3) . Although neither UXS1, UXS2 nor UXS4 is shown to be expressed in interfascicular fibers undergoing active secondary wall thickening, UXS4 is expressed in elongating interfascicular fibers (Fig. 3) . It is possible that the UXS4 enzyme might still be present and active during secondary wall thickening of interfascicular fibers to supply a certain amount of UDP-xylose for xylan biosynthesis.
UDP-xylose is not only used for xylan biosynthesis during secondary wall formation but is also required for primary wall formation, including the biosynthesis of xyloglucan and the pectic polysaccharides xylogalacturonan and rhamnogalacturonan II (Bar-Peled and O'Neill 2011) . A previous study showed that soybean Golgi-enriched membranes contain UXS activities that convert UDP-GlcA into UDP-xylose, which was further incoporated into xyloglucan, indicating that Golgi-localized UXS activities may be involved in xyloglucan biosynthesis (Hayashi et al. 1988) . Our finding that simultaneous down-regulation/mutations of UXS3/5/6 caused a drastic reduction in xyloglucan content in the primary walls (Fig. 13) indicates that cytosol-localized UXS activities also play a dominant role in the supply of UDP-xylose for xyloglucan biosynthesis, a scenario similar to xylan biosynthesis. This finding is consistent with the expression analysis showing that UXS3, UXS5 and UXS6 were highly expressed in epidermis, cortex, phloem and pith cells in addition to secondary wall-forming cells in wild-type stems as well as all parenchyma cells in the cotyledons and roots of young seedlings (Figs. 3, 4) . It appears that similar to the effect on xylan, simultaneous down-regulation/mutations of UXS3, UXS5 and UXS6 largely impact overall biosynthesis of xyloglucan molecules rather than the degree of xylosyl substitutions in individual xyloglucan molecules as the xylosyl substitution pattern in xyloglucan molecules is not altered (Fig.  14) . This scenario is similar to that seen in the xxt2 (xyloglucan xylosyltransferase2) mutant in which the xyloglucan level is reduced but the xylosyl substitution pattern in xyloglucan molecules is not changed (Cavalier et al. 2008) .
The finding that a loss of cytosol-localized UXS activities but not Golgi-localized UXS activities causes a defect in xyloglucan biosynthesis in primary walls suggests that similarly to xylan biosynthesis, the bulk of UDP-xylose is synthesized in the cytosol and then transported into the Golgi for xyloglucan biosynthesis (Fig. 15) . Although UXT1, a UDP-xylose transporter, is proposed to be involved in xylan biosynthesis, its mutation has no effect on xyloglucan biosynthesis, and it was thus suggested that UDPxylose for xyloglucan biosynthesis might be largely supplied by Golgi-localized UXS activities (Ebert et al. 2015) . Our finding provides convincing evidence demonstrating that down-regulation/ mutations of UXS3/5/6, which encode cytosol-localized UXS enzymes, rather than mutations of UXS1/2/4, which encode Golgilocalized enzymes, cause a reduction in xyloglucan content in primary walls, indicating the involvement of some uncharacterized UXTs in the transport of UDP-xylose from the cytosol to the Golgi for xyloglucan biosynthesis during primary wall formation.
Because down-regulation/mutations of UXS3/5/6 do not completely eliminate xyloglucan, especially in the walls of the epidermis (Fig. 13) , it is very likely that Golgi-localized UXSs may also contribute to the supply of UDP-xylose for primary wall formation in different parenchymatous cells, albeit to a lesser degree. This possibility is supported by our gene expression analysis showing overlapping expression of UXS genes in different cell types. For example, the expression of UXS2, UXS3, UXS4, UXS5 and UXS6 was evident in the epidermis of stems, whereas that of UXS3, UXS4, UXS5 and UXS6 was detected in cortical cells of stems (Fig. 3) . In the cotyledons and roots of young seedlings, UXS2, UXS3, UXS5 and UXS6 were highly expressed in parenchymatous cells (Fig. 4) .
In summary, we have demonstrated that the six Arabidopsis UXS genes exhibit distinct and overlapping expression patterns in different cell types, and the cytosol-localized UXS3, UXS5 and UXS6 play a dominant role in the biosynthesis of xylan and xyloglucan. Our findings suggest that the major source of UDP-xylose utilized for the biosynthesis of xylan and xyloglucan is synthesized in the cytosol and then transported into the Golgi lumen. Recently, another report shows that silmutaneous mutations of UXS3/5/6 cause a defect in xylan biosynthesis (Kuang et al. 2016) . The findings we present here provide additional insights into the roles of UXS activities in cell wall bisynthesis. First, we demonstrate that UXS3/5/6 but not UXS1/2/4 are direct targets of secondary wall NAC master transcriptional regulators, which extends our understanding of transcriptional regulation of secondary wall biosynthesis. Secondly, we show that the six UXS genes exhibit distinct as well as overlapping expression patterns in different cell types and that UXS3/5/6 are expressed predominantly in secondary wall-forming cells, which provides the molecular basis explaining the predominant role of UXS3/5/6 in xylan biosynthesis. Thirdly, we present data showing that the bulk of UXS activites in stem extracts is present in the cytosol rather than in the Golgi, which provides a biochemical basis explaining the predominant role of cytosol-localized UXS activities in cell wall biosynthesis. Fourthly, MALDI-TOF-MS and NMR analyses together with immunolocalization of xylan provide convicing evidence demonstrating that a loss of cytosol-localized UXS activities causes a reduction in overall xylan content but not xylan backbone chain length, a result different from that reported in Kuang et al. (2016) . Fifthly, we demonstrate that down-regulation/mutations of UXS3/5/6 rather than mutations of UXS1/2/4 result in a drastic reduction in xyloglucan content in primary walls, which provides the first line of convincing evidence indicating that cytosol-localized UXS activities provide the bulk of UDP-xylose for xyloglucan biosynthesis as well as suggesting that UDP-xylose transporter activities are required for the transport of UDP-xylose from the cytosol to the Golgi for the biosynthesis of both xylan and xyloglucan. Finally, down-regulation/mutations of UXS3/5/6 reported in this study cause a 63% reduction in xylose level compared with the wild type, whereas mutations of UXS3/5/6 as reported by Kuang et al. (2016) only resulted in a 21% reduction in xylose level compared with the wild type, which was explained to be due to leaky mutations (Kuang et al. 2016) . Thus, our results provide a more accurate picture depicting a predominant role of cytosol-localized UXS activities in providing the UDP-xylose supply for the biosynthesis of xylan and xyloglucan.
Materials and Methods

Expression analysis
Total RNA was isolated from A. thaliana tissues and cells using a Qiagen RNA isolation kit (Qiagen). The RNA was treated with DNase and reverse-transcribed to generate first-strand cDNAs, which were used as templates for RT-PCR and real-time quantitative PCR analyses. The wild-type Arabidopsis leaves, flowers, stems and roots used for expression analysis were from 6-week-old plants. The stems were divided into top, middle and bottom parts, which represented rapidly elongating internodes, internodes near cessation of elongation and non-elongating internodes, respectively. For the SND1 overexpressors and the snd1 nst1 mutant, 4-week-old leaves and 6-week-old stems were used, respectively . For direct activation analysis by SWNs, Arabidopsis leaf protoplasts were transfected with SND1, VND6, VND7, NST1 and NST2 fused with the human estrogen repressor domain (HER), and the transfected cells were treated with 2 mM cycloheximide or 2 mM cycloheximide plus 2 mM estradiol (Sigma) for 6 h before collection for RNA isolation . Because cycloheximide inhibits new protein synthesis, translocation of SWN-HER proteins into the nucleus from the cytoplasm upon b-estradiol treatment in the presence of cycloheximide could only induce the expression of their direct target genes.
GUS reporter gene analysis
The UXS gene sequences used for GUS reporter gene analysis included the 3 kb 5 0 -upstream sequence, the exon-intron region and the 2 kb 3 0 -downstream sequence. The GUS reporter gene was inserted in-frame just before the stop codon of UXS genes. The GUS reporter constructs were introduced into wild-type Arabidopsis plants via Agrobacterium-mediated transformation and, for each construct, >20 transgenic plants from the first generation were examined for GUS gene expression as described previously (Zhong et al. 2005) . The transgenic seedlings were 1 week old and the stems and roots were from 7-week-old plants.
Generation of double and triple T-DNA insertion mutant lines
T-DNA insertion lines for each of the six UXS genes were obtained from the Arabidopsis Biological Resource Center and genotyped using the T-DNA border primers and the gene-specific primers from the sequences flanking the T-DNA insertion sites. The corresponding homozygous T-DNA lines were crossed to generate the uxs5 uxs6 double mutant and the uxs1 uxs2 uxs4 and uxs3 uxs5 uxs6 triple mutant lines. For examination of the UXS transcripts in the T-DNA lines, stems of 6-week-old plants were used for RNA isolation and subsequent RT-PCR analysis.
Generation of RNAi lines
The UXS3-RNAi construct was generated by ligating the full-length UXS3 cDNA in opposite orientations on both sides of the GUS gene in the binary vector pBI121 (Clontech). The inverted repeat expression cassette thus created had the GUS sequence as a spacer and was driven by the Cauliflower mosaic virus 35S promoter. The construct was introduced into wild-type Arabidopsis and the uxs5 uxs6 double mutant by Agrobacterium-mediated transformation, and the first generation of transgenic plants were analyzed. More than 200 transgenic plants were generated and examined for their phenotypes and used for subsequent cell wall analysis. For expression analysis of the UXS genes in the transgenic plants, RNA was isolated from stems of a pool of 10 plants at similar developmental stages, i.e, 6-week-old wild-type plants, 7-week-old UXS-RNAiin-WT and 8-week-old UXS-RNAi-in-uxs5/6.
Enzymatic activity assay of UXS and xylan xylosyltransferase
Cytosol extracts and microsomes were isolated from the inflorescence stems of 6-week-old wild-type, uxs1/2/4 and uxs5/6 plants, 7-week-old irx9 and UXS-RNAi-in-WT and 8-week-old UXS-RNAi-in-uxs5/6, and used for enzymatic assay of UXS (Harper and Bar-Peled 2002) and xylan xylosyltransferase (Kuroyama and Tsumuraya 2001) . For UXS activity assay, cytosol extracts or microsomes (100 mg) were incubated with the reaction mixture containing 50 mM HEPES-KOH, pH 6.8, 1 mM dithiothreitol, 0.5% Triton X-100, 1 mM UDP-glucuronic acid and 1 mM NAD + . The reaction products were separated by HPLC using an SAX-Hypersil ion-exchange column (250Â4.6 mm) and detected with a UV detector using absorbance at 254 nm (Harper and Bar-Peled 2002) . For xylan xylosyltransferase activity assay, microsomes (100 mg) were incubated with the reaction mixture containing 50 mM HEPES-KOH, pH 6.8, 5 mM MnCl 2 , 1 mM dithiothreitol, 0.5% Triton X-100, 0.1 mM cold UDP-Xyl (CarboSource Service), 0.2 mg ml -1 Xyl 6 (Megazyme) and UDP-[ 14 C]Xyl (0.1 mCi; American Radiolabeled Chemical). The reaction products were separated from UDP-[ 14 C]Xyl by paper chromatography and counted for the amount of radioactivity with a PerkinElmer scintillation counter (Ishikawa et al. 2000 , Lee et al. 2007a ).
Breaking force measurement
The bottom parts (2 cm) of mature stems of the wild type (8 weeks old), uxs1/2/ 4 (8 weeks old), uxs5/6 (8 weeks old), UXS3-RNAi-in-WT (9 weeks old), UXS3-RNAi-in-uxs5/6 (10 weeks old) and irx9 (10 weeks old) were measured for the force to break them apart using a digital force/length tester (Zhong et al. 1997) . For each line, stems from at least 20 plants were used for the breaking force measurement.
Histology
The bottom parts (0.5 cm) of mature stems were fixed in 2% formaldehyde and embedded in LR White resin (Electron Microscopy Sciences) (Burk et al. 2006 ). Thin sections (1 mm thick) were cut and stained with toluidine blue for visualization of tissues. For examination of wall anatomy, ultrathin sections (80 nm thick) were cut, stained with lead citrate and uranyl acetate, and then visualized under a transmission electron microscopy (JOEL JEM1101). Stems of at least five plants were sectioned, and the representative data are shown.
